In the extant literature examining the brain mechanisms implicated in pain perception, researchers have theorized that the overlapping responses to pain in the self and in others mark the human capacity for empathy. Here we investigated how prior exposure to extreme pain affects pain perception, by assessing the dynamics of pain processing in veterans who were previously exposed to severe injury. Fortythree participants (28 pain-exposed and 15 controls) underwent whole-head magnetoencephalography (MEG) while viewing photographs of limbs in painful and nonpainful (neutral) conditions. Among controls, an early (0-220 ms) Bpain effect^in the posterior cingulate and sensorimotor cortices, and a later (760-900 ms) Bpain effect^in the posterior cingulate cortex, superior temporal gyrus/insula, and fusiform gyrus were found, indicated by enhanced alpha suppression to the pain versus nonpain conditions. Importantly, pain-exposed participants exhibited an atypical pain response in the posterior cingulate cortex, indicated by a normative response to pain, but no pain-to-no-pain differentiation. This may suggest that individuals exposed to extreme pain may perceive neutral stimuli as potentially threatening. Our findings demonstrate alterations in pain perception following extreme pain exposure, chart the sequence from automatic to evaluative pain processing, and emphasize the importance of considering past experiences in studying the neural response to others' states.
regions related to social information processing, such as the superior temporal sulcus/gyrus (STG; Botvinick et al., 2005; Singer et al., 2004) and the precuneus/posterior cingulate cortex (PCC), regions implicated in the ability to infer others' mental states (Saxe & Wexler, 2005) .
Whereas most studies have used fMRI, few have utilized electroencephalography (EEG) or magenetoencephalography (MEG) for assessing pain perception with higher temporal resolution. These studies have demonstrated that observing pain in others induces modulations in oscillatory brain activity in the alpha frequency range (8-12 Hz; Cheng et al., 2008; Mu, Fan, Mao, & Han, 2008; Perry, Bentin, Bartal, Lamm, & Decety, 2010; Whitmarsh, Nieuwenhuis, Barendregt, & Jensen, 2011; Yang, Decety, Lee, Chen, & Cheng, 2009) . Oscillatory alpha activity is the predominant frequency in humans during rest and is suppressed in brain regions while processing relevant sensory information (Jensen & Mazaheri, 2010; Klimesch, 2012) . Thus, the suppression of alpha oscillations, associated with an asynchronous firing mode in the measured neural population, is thought to reflect enhanced activation in the corresponding cortices (Pfurtscheller, Stancák, & Neuper, 1996) . When recorded over sensorimotor cortices, alpha oscillations are termed mu oscillations (Kuhlman, 1978) . Two MEG studies (Cheng et al., 2008; Whitmarsh et al., 2011) showed mu suppression in responses to body parts in painful and nonpainful situations, which was significantly stronger in the pain condition. Comparable results have been found in EEG studies (Perry et al., 2010; Yang et al., 2009 ; but see Mu et al., 2008) using similar stimuli. In the Perry et al. study, the enhanced pain-related alpha suppression was not restricted to central regions, but was also found in frontal electrodes. Recently, reduced alpha activity was observed in regions of the PCC and in the fusiform gyrus (FG) to painful relative to nonpainful stimuli (Höfle, Pomper, Hauck, Engel, & Senkowski, 2013) . Thus, pain-related responses measured by alpha activity modulations have been observed in various brain regions and can provide valuable information regarding the time course of pain processing, which cannot be captured via fMRI.
Although research on pain perception in the self and others has generated valuable insights, several questions remain unexplored and require further research for theory-building. First, it is unclear whether prior exposure to extreme pain in one's self or in others alters the neural response to others' pain. Prior exposure to extreme pain may lead to desensitization, which may hamper motivation to detect pain in others (Franck & Bruce, 2009) . Since fMRI studies typically compare brain responses to painful versus nonpainful but otherwise similar stimuli, it is unclear whether witnessing extreme pain would diminish or elevate responses to painful stimuli, or whether it would enhance or dampen the Bpain effect^-defined as the difference in the responses to pain versus nonpain. Such findings suggest that research on the brain's responses to pain, and the theoretical implications thereof, must take into account an individual's history, and particularly salient pain-related experiences. In support, Teutsch, Herken, Bingel, Schoell, and May (2008) showed that continuous exposure to pain in the self led to substantial structural alterations in brain regions associated with pain processing, and a recent fMRI study in which painful stimuli preceded presentation of visual painrelated stimuli demonstrated that prior pain exposure decreased activity in the brain regions associated with observed pain (Preis, Schmidt-Samoa, Dechent, & Kroener-Herwig, 2013) . Second, most pain studies have used fMRI technology, which has poor temporal resolution. Thus, the sequential pattern of the brain's response to pain has received little attention, particularly the differentiation between areas that activate automatically and those involved in later, more evaluative processing.
In this study, we utilized high-temporal-resolution MEG to investigate the neural response to others' pain. MEG uniquely combines high temporal and spatial resolution, and thus assesses both temporal dynamics and the origins of the measured signal. To date, only a few studies have investigated the perception of others' pain via MEG. Therefore, our first goal was to extend existing research by investigating the spatio-temporal dynamics of the typical response to others' pain as measured in normative individuals. Next, we investigated veterans who had been exposed to serious injury in others in the course of combat to examine how previous exposure to pain-related traumatic experiences affects the typical neural response to others' pain. Since no study, to our knowledge, has used stimuli depicting others in physical pain to examine information processing in combat-exposed individuals, such an investigation may provide additional information on the neural responses associated with combat exposure. We utilized a set of well-validated stimuli showing hands and feet in painful and nonpainful situations (Jackson, Meltzoff, & Decety, 2005) for the assessment of pain perception, and were specifically interested in measuring alpha activity modulations and defining their time course and origin in the brain.
The following hypotheses were formulated. First, in the nonexposed group the typical response to pain would be found expressed in enhanced alpha suppression to painful as compared to neutral stimuli in brain regions associated with pain perception and social information processing. Second, prior exposure to others' pain would alter the brain response to pain-related stimuli. Although stimuli depicting others in painful and nonpainful conditions have not been used in combat-exposed individuals, reduced discrimination in response to aversive versus neutral stimuli has recently been demonstrated in individuals with posttraumatic stress disorder (PTSD) due to combat exposure (MacNamara, Post, Kennedy, Rabinak, & Phan, 2013) . We therefore speculated that the group of pain-exposed individuals would show decreased differentiation in response to the pain versus nonpain conditions.
Materials and method Participants
We recruited a group of young (age < 35 years), physically healthy male veterans in the Israel Defense Force. This included a group of 28 veterans (age range 23 to 31 years, mean = 27 years, SD = 1.8) who served in active combat units during the past 8 years (between 36 and 72 months) and witnessed the injury or death of another person (pain-exposed), and 16 control veterans (age range 24 to 34 years, mean = 28.93, SD = 3.02) who served during the same period in noncombat units (intelligence or technical support) and did not participate in active combat. All of the veterans completed the Post-Traumatic Stress Diagnostic Scale (PDS; Foa, Cashman, Jaycox, & Perry, 1997) for the assessment of posttraumatic symptoms. Pain-exposed individuals showed moderate-to-severe PDS symptoms (mean = 16.13, SD = 6.98), and the controls showed no posttraumatic symptoms (mean = 0). The participants were right-handed as measured by the Edinburgh Handedness Questionnaire, except for three pain-exposed participants who were ambidextrous (N = 1) or left-handed (N = 2). Exclusion criteria included serious physical injury, current or past neurological disorders, serious medical problems, and the regular use of medication. All participants provided written informed consent to participate in the study, which was approved by the local institutional review board.
Procedure
Each participant took part in two similar experimental sessions approximately a week apart (M = 7.5 days, SD = 2). In each session, baseline blood and saliva samples were collected, followed by self-administration of either the neuropeptide oxytocin (OT) or placebo (PBO), as previously described (Eidelman-Rothman et al., 2015) . Approximately 45 min after OT/PBO administration, brain activity was measured using MEG in response to a well-validated set of colored photographs showing human right hands and feet in painful and nonpainful situations (Jackson et al., 2005) . For each photograph depicting a painful situation, a corresponding one showed a neutral situation involving the same setting without any painful component (Fig. 1a) . To avoid the influence of processes related to stimulus familiarity, learning, and memory, a pool of 80 photographs was divided into two nonidentical sets of 40 stimuli, including 20 matched pairs of painful and nonpainful stimuli. Each set was chosen to contain ten matched pairs of legs and ten matched pairs of hands in painful and nonpainful conditions, which were randomly assigned to the different stimulus sets. For each participant, a different set of stimuli was randomly assigned to each MEG session (the PBO or OT session), and the order of the stimulus sets presented was counterbalanced across participants. Each stimulus was displayed for 200 ms, consistent with previous research , followed by a fixation cross, during which the participants judged by pressing a button (using the right index finger) whether the photograph depicted a painful or a nonpainful situation. Following the response, the fixation cross remained on the screen for a duration varying randomly between 1,000 and 1,600 ms (Fig. 1b) . The stimuli were presented using the E-Prime software (Psychology Software Tools, Inc.) in four experimental blocks (80 stimuli per block in a random order), with a short break between them, on a 17-in. screen located 60 cm in front of the participant. The size of all stimuli was 15.87 × 11.96 cm. Two additional saliva samples were collected in each experimental session, one before and one after the MEG scanning. After the scanning, participants were asked to rate the pain intensity felt by the person in the photograph as well as their own unpleasantness, on the same set of stimuli presented during the MEG scan. The ratings were measured using a 6-point scale (1 = no pain/not unpleasant, 6 = very painful/very unpleasant).
Brain activity recording and analysis
MEG recordings were conducted (sampling rate of 1017 Hz, online 1-to 400-Hz band-pass filter) with a whole-head, 248-channel magnetometer array (4-D Neuroimaging, Magnes 3600 WH) in a supine position, inside a magnetically shielded room. Reference coils located a short distance (~30 cm) away from the 248 sensors and oriented in the x, y, and z axes were used to record environmental noise. Head position was indicated by attaching five coils to the scalp and determining their positions relative to the sensor array. External noise (e.g., power-line or mechanical vibrations) and heartbeat artifacts were removed from the data using a predesigned algorithm, described previously (Tal & Abeles, 2013) . Signal preprocessing and analysis at the sensor level were carried out using MATLAB (The Mathworks, Natick, MA) and the FieldTrip toolbox (Oostenveld, Fries, Maris, & Schoffelen, 2010) . The data were segmented into 2,000-ms epochs, starting 800 ms before stimulus presentation and ending at 1,200 ms following stimulus presentation. Each data epoch was visually inspected for muscle artifacts and power jumps, which were excluded from further analysis. The segmented trials were then bandpass filtered in the 1-to 40-Hz range with 10 s padding, and were baseline-corrected by subtracting the mean amplitude of the prestimulus period of 300 ms before each trial from all of the data points in the segment. Finally, spatial independent component analyses were applied in order to identify and remove eye movements, blinks, or other potential artifacts from the data. Two MEG sensors were excluded from the analyses due to malfunction. One participant from the control group and two from the pain-exposed group were excluded from all analyses due to excessive heartbeat MEG artifacts, which could not be removed from the data.
A time-frequency analysis was then performed at the sensor level to verify that the previously documented Bpain effect^(i.e., increased response to pain vs. nonpain) was evident in our control-group data. In addition, this effect was used to define the specific time course of the Bpain effect^for the subsequent source-level analysis (see below). Each data segment recorded during the PBO session was subjected to spectral analysis at the sensor level. A Hanning taper was applied to each epoch of the 246-sensor data to calculate the fast Fourier transform in the 1-to 40-Hz frequency range, with short sliding time windows of 0.5 s in steps of 30 ms.
For source estimation, a template MRI (Collin27) was modified to fit each participant's digitized head shape using SPM8 (Wellcome Department of Imaging Neuroscience University College London,www.fil.ion.ucl.ac.uk). A synthetic-aperture magnetometry (SAM) beamformer was used to estimate the neural sources of the measured MEG signal (Robinson & Vrba, 1999) . SAM acts as a spatial filter specific for each location in the head, to suppress the interference of the unwanted signals. SAM was applied to the data with a spatial resolution of 0.5 cm for each stimulus condition (Bpain^, Bno-pain^), for time windows in which a sensor-level Bpain effect^was observed (time windows of interest: TOIs). This analysis was performed on a standard alpha frequency range, 8-12 Hz, since a wide frequency range is required for effective calculation of the data covariance, as part of the beamforming procedure. The spatial filter was applied for both the TOIs defined by the sensor-level analysis (0-220 ms and 760-900 ms following stimulus onset) and for the baseline data recorded over 300 ms before stimulus onset. The beamforming product of the baseline period was then subtracted from that of the TOIs to obtain a measure of alpha suppression for each trial. The baselinesubtracted trials in each TOI were averaged, and the data were presented as functional maps on each participant's modified template. These templates were then used to transform the beamforming functional images into a common Talairach space, and clusters with significant effects were then identified by means of voxel-level t tests using the 3dttest module of the Analysis of Functional NeuroImages software (http://afni.nimh.nih.gov/afni). To control for the Type I error rate due to multiple comparisons over voxels, we applied a nonparametric permutation approach (Nichols & Holmes, 2002) in which a t test was repeated 1,000 times. In each permutation, the stimulus conditions (Bpain^and Bno-pain^) were randomly assigned within subjects. For each permutation, the largest 5 % of clusters of voxels with significant t values (p < .05) were recorded. A frequency distribution of these clusters was then used to determine the critical cluster size, which corresponded to the 50th maximal cluster size (5 %). Clusters with significant Bpain effects^in controls at PBO in each TOI were defined as the regions of interest (ROIs) for testing group effects. For each participant, the voxel showing the minimal value, in each cluster and each condition, was selected for a statistical analysis that included repeated measures analysis of variance (ANOVA) followed by post-hoc t tests. In the present study, we chose to focus on the PBO condition and to test group differences at baseline only, in light of the recent criticism on underpowered OT administration studies (Walum, Waldman, & Young, 2016) , and thus all following analyses are reported for the PBO condition. Fig. 1 The experimental paradigm. a Visual stimuli depicting nonpainful and painful situations. b The experimental trial design
Results
Task performance and subjective stimulus rating Mean response accuracy and reaction times were calculated for each participant in the pain judgment task (Supplementary Table 1 ). None of these measures showed differences related to group or stimulus condition (Bpain^/Bno-pain^). The selfreported pain intensity and unpleasantness ratings indicated that participants rated the painful stimuli significantly higher (mean pain intensity = 3.31, SD = 0.81; mean selfunpleasantness = 2.62, SD = 1.26) than the neutral stimuli (mean pain intensity = 0.13, SD = 0.14; mean self-unpleasantness = 0.27, SD = 0.39) on both measures (ps = 3.4 × 10 -24 and 1.76 × 10 -15 for pain intensity and self-unpleasantness).
Sensor-level analysis
A sensor-level analysis for the control group revealed eventrelated alpha suppression along the trial period in both stimulus conditions (Bpain,^Bno-pain^; Fig. 2 , left and middle panels). Consistent with previous reports, painful stimuli induced stronger alpha suppression than did nonpainful stimuli (Bpain^minus Bno-pain^; Fig. 2, right panel) . This Bpain effect^was most notable in two distinct time windows: an early time window of 0-220 ms, and a later window of 760-900 ms following stimulus presentation. Since a Hanning window with a length of 0.5 s was used for the time-frequency analysis, the alpha suppression at each time point in the trial reflects a summary of the alpha suppression measured within a time window of 500 ms surrounding it. The late Bpain effectô ccurred earlier than the averaged reaction time calculated for the pain judgment task (Supplementary Table 1) .
Source-level analysis
A source-level analysis conducted for the control group identified a significant early (0-220 ms) Bpain effect^in two clusters of activity, which included the left PCC and the right sensorimotor cortex (paracentral lobule; Fig. 3 , upper panel and Table 1 ) and a later (760-900 ms) Bpain effect^in four clusters, which included the right PCC, bilateral FG/middle occipital gyrus (MOG), and the left STG/insula (Fig. 3 , lower panel and Table 2 ). In the late time window, a significant cluster of activity was found in the right supramarginal gyrus (x, y, z of peak MNI coordinates = 64 -45 27) in which no Bpain effect^was detected. Alternatively, an opposite effect of enhanced alpha suppression in the neutral as compared to the painful condition was detected. Brain regions showing the Bpain effect^in each time window were used as the ROIs for the analysis of group differences.
A repeated measures ANOVA with Pain Status (pain, nopain) as a within-subjects factor and Group as betweensubjects factor was applied for each region. In the early time window (0-220 ms), a main effect [F(1, 38) = 5.779, p = .02] for pain status, as well as a Group × Pain Status interaction effect [F(1, 38) = 4.139, p = .049], was found in the left PCC, indicating that the changes in alpha suppression patterns between the Bpain^and Bno-pain^conditions differed by groups (Fig. 4, left panel) . Post-hoc t tests showed that, whereas in the control group alpha suppression was stronger in the pain condition [t(13) = 3.81, p = .002], in the pain-exposed group no significant differences in activity were observed between the two stimulus conditions. In the right sensorimotor cortex, no main effect of pain exposure or significant Group × Pain interaction effect was found.
In the late time window (760-900 ms), main effects of pain exposure were found in all ROIs: the right PCC cluster [F(1, 38) = 4.531, p = .04], the right FG/MOG In this region, a significant difference in activity between the painful and neutral conditions once again was found only in the control group, such that alpha suppression was stronger in the Bpain^condition than in the Bno-pain^condition [t(13) = 3.4, p = .005]. In addition, a follow-up t test revealed between-group differences in which alpha suppression in the Bno-pain^condition was significantly lower in the control group than in the pain-exposed group [t(1, 37) = 2.97, p = .005] in the PCC (Fig. 4, right panel) .
Overall, our findings indicate that differences in brain activation to Bpain^and Bno pain^in the PCC emerged only among controls. This suggests that prior exposure to extreme pain alters the typical brain response to pain by blurring the distinction between painful and otherwise identical but nonpainful stimuli, and that this blurring of the Bpain effect^stems from increased responses to Bno pain^rather than from attenuated response to pain. a T values at peak coordinates (most significant voxels) are shown for clusters with a significant effect for pain (i.e., alpha suppression in the Bpain^condition > alpha suppression in the Bno-pain^condition) in the control group, as identified by a voxel-level t test (p < .05, corrected). b Montreal Neurological Institute (MNI) coordinates
Discussion
In the present study, we sought to extend existing research on the perceptual processing of pain by assessing the temporal patterns of the neural response to pain and by utilizing a special cohort of individuals who had previously been exposed to severe pain in others. By investigating individuals who had witnessed injury and pain in others, we were able to examine how such experiences may affect a basic, evolutionary-based response that is crucial for survival and supports the capacity to live within social groups.
Consistent with previous studies of pain perception (Cheng et al., 2008; Whitmarsh et al., 2011) and the attention-drawing nature of survival-related stimuli (Bradley, 2009 ), we found a Bpain effect^in the control group marked by significantly greater alpha suppression in the painful than in the neutral condition in the PCC. This pattern, which may reflect enhanced evaluation of the more important stimulus (i.e., pain), was altered in the pain-exposed group, suggesting that prior exposure to severe pain in others is associated with alterations to the neural response to pain-related stimuli in specific brain areas. By using high temporal-and spatial-resolution MEG recordings, we were able to determine the time course of the Bpain effect^found in the control group and to localize its sources in the brain. This included an early response, within the first 220 ms following stimulus onset, which was localized to the PCC and the sensorimotor cortex, and a later response, 760-900 ms following stimulus onset, located at the PCC, STG/insula, and occipital regions, including bilateral FG. The latter response preceded the participants' behavioral reaction in the pain judgment task, and might therefore be associated with stimulus evaluation. These findings are in line with those from a previous study that had used a similar experimental design and a pain judgment task to demonstrate an early and a late response to observed pain, and showed that the latter was modulated by attention to pain during task performance (Y. . Such findings are in agreement with perspectives suggesting two distinct components in the processing of others' state, including an early perceptual-attentional response and a later evaluative response Cheng, Hung, & Decety, 2012) . The findings are also compatible with previous E/MEG studies showing that early responses to others' pain can be observed within 200 ms following stimulus onset (Cheng et al., 2008; . In addition, our findings are in line with those from previous studies on the perception of others' pain that have shown activation in regions of the cingulate (Höfle et al., 2013) and sensorimotor (Cheng et al., 2008; Whitmarsh et al., 2011) cortices, as well as in posterior brain regions, including the FG (Höfle et al., 2013; Singer et al., 2004) . Finally, similar to previous reports, we found a Bpain effect^also in the STG (Botvinick et al., 2005; Singer et al., 2004) , a region associated with salience (Hayes, Hayes, & Mikedis, 2012; White, Joseph, Francis, & Liddle, 2010) and social information processing (Bernhardt & Singer, 2012) , which was extended to the posterior insula, which is known to be associated with the sensory experience of pain (Peyron et al., 2000; Sabatini et al., 2009) .
The pain-exposed group failed to show a Bpain effect^in the PCC, where the difference in response to painful versus neutral stimuli significantly differentiated between groups. Although they demonstrated normative alpha suppression in response to pain, the pain-exposed group responded with similar levels of brain activation to the neutral stimuli in the later time window. The PCC has been previously linked with selfexperienced pain perception. Although some have reported pain-related deactivation of this region (Chae et al., 2013; Loggia et al., 2012) , others have demonstrated pain-induced activity in the PCC (Bromm, 2001; Freund et al., 2010; Nielsen, Balslev, & Hansen, 2005) which has been attributed by some to the emotional-aversive aspect of the painful experiences (Bromm, 2001) . Recently, reduced alpha activity was found in the PCC in response to observed painful as compared to nonpainful stimuli (Höfle et al., 2013) . Thus, the activation found in this region is consistent with the concept of shared neural representations for the observation of pain in others and its first-hand experience (Y. Fan et al., 2011; Lamm et al., 2011) . The finding that pain-exposed individuals responded similarly to painful and neutral stimuli in the PCC may suggest that they perceived potential pain in the neutral condition, as well. It has been argued that the activation of brain regions attributed to pain processing is more broadly associated with the processing of sensory-salient information (Legrain, Iannetti, Plaghki, & Mouraux, 2011) . It has also been suggested that both painful and nonpainful aversive stimuli induce activation in a core aversion-related network (Hayes & Northoff, 2012) , which includes regions of the PCC and highlights its role in the basic processing of aversive stimuli. In addition, PCC activation has been associated with potential threat processing (Fiddick, 2011) . The enhanced posterior cingulate responses measured in the pain-exposed group in the neutral condition may therefore be related to increased salience and threat processing. Since the salience of stimuli is thought to be determined, at least partly, by context and past experiences (Legrain et al., 2011) , it is possible that the participants' previous pain-related experiences led to enhanced salience of the neutral stimuli and to increased attention to their potential threat. Thus, the enhanced responses to neutral stimuli may reflect overprocessing, which may be related to the survival importance of both pain and potential pain to combat-trained veterans. For such individuals, painful and neutral pictures may both be perceived as potentially threatening, especially within an experimental context in which painful and nonpainful stimuli appear interchangeably. It should be noted that the groups did not differ in task accuracy, and therefore the possible enhanced evaluation of the neutral stimuli in the pain-exposed group appears to be independent of response selection and execution.
Our findings demonstrate that prior exposure to severe pain and injury in others is associated with alterations in the neural response to others' pain in a brain region associated with pain perception and with aversive stimulus processing. These findings underscore the need to consider personal experiences when studying the neural underpinnings of pain perception. However, a number of limitations should be considered when interpreting the results. First, the pain-exposed participants showed posttraumatic symptoms, which may also be related to the observed alterations in the brain response to pain. Although inconsistency exists in the literature, alterations in the processing of aversive stimuli such as negative facial expressions have been demonstrated in combat-exposed individuals with (Catani, Adenauer, Keil, Aichinger, & Neuner, 2009; MacNamara et al., 2013) and without (Catani et al., 2009 ) PTSD, including diminished differentiation in response to aversive and neutral stimuli (MacNamara et al., 2013) . To distinguish activity patterns that are specific to pain processing from those more generally associated with the processing of aversive content, future studies of pain processing in combatexposed individuals will be required, which should also include negative stimuli that are not related to pain, such as threatening facial expressions, scenes, or events. In addition, a possible effect of preexisting differences between military personnel who have served in combat units and those who have not should also be considered. Second, to minimize inconvenience, we did not include pain threshold measurements. However, the participants' sensitivity to experienced pain may have had an effect on the processing of observed pain, similar to reports in other populations (Y.-T. Fan, Chen, Chen, Decety, & Cheng, 2014) . Next, as part of our experimental session design, a blood sample was collected from the participants shortly after arrival, which involves a mildly painful procedure. Although brain activity recordings were conducted approximately 45 min after the blood was drawn, the possibility that such a procedure impacted later pain processing and that this effect differed in the pain-exposed and control groups cannot be ruled out. Another methodological consideration that should be taken into account is related to our data analysis approach, in which the ROIs for the examination of pain processing in the pain-exposed group were defined on the basis of the results identified in the control group. This approach was chosen to demonstrate atypical pain processing relative to the normative response to pain measured by the MEG methodology. However, it is possible that our approach may have inflated error rates in the subsequent analyses conducted in the exposed group, and therefore replication of our findings in other trauma-exposed samples will be important. Finally, we did not detect pain-related activations in additional regions typically associated with pain perception, such as the anterior insula and ACC. This may be related to differences between the MEG and fMRI neuroimaging approaches. Using MEG, we were able to record earlier responses than those detected with fMRI, and future studies comparing the two methods are needed.
Although pain-related differences in brain activity were found between the groups, they were not accompanied by behavioral differences in the ratings of others' pain and selfunpleasantness. It is possible that other behavioral measures, such as measures that involve the estimation of potential threat and salience processing, could have revealed effects at the behavioral level and would have provided further insights, and such topics should be considered in future research. In addition, functional connectivity analysis may enhance our understanding of the spatio-temporal dynamics among the brain regions identified here. Much further research that includes in-depth assessments of personal history along with the collection of high spatial-and temporal-resolution data will be necessary for a better understanding of the neural mechanisms underpinning pain perception in the context of previous exposure to intense pain in the self and others.
